Recombination rates were experimented with in colloidal mixtures of semiconductor/metal nanoparticles, and calculated as a function of semiconductor-metal distance. Radiative recombination rates were evaluated from the electrodynamical interactions between single-dipole emitter and a metal nanoparticle, according to Mertens' 2007 model. Nonradiative recombination rates were obtained from the energy-transfer rate from a single exciton to the surface-plasmon band (analogous to Govorov's theory). This research verified that quantum-efficiency calculation based on carrier dynamics matches well with photoluminescence experiments by surface-plasmon resonance. # 2013 The Japan Society of Applied Physics R ecently, surface-plasmon effects of metal nanostructures have received great research interest, with regard to their use in solar cells, nanophotonics, and nanophosphors.
R ecently, surface-plasmon effects of metal nanostructures have received great research interest, with regard to their use in solar cells, nanophotonics, and nanophosphors. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] Surface-plasmon resonance strongly affects the optical properties of nearby semiconductor nanoparticles. [12] [13] [14] Geddes' group synthesized silver core-silica shell nanoparticles of various shell thicknesses, to examine the existence of an optimum distance between the metal nanoparticles and fluorescent materials for the photoluminescence (PL) intensity. 12) Pompa's group observed a 30-fold PL enhancement in CdSe/ZnS core/shell quantum dots, using highly-ordered gold nanopatterns with different shapes and dimensions. 13) There are also theoretical works demonstrating how the emissions of semiconductor nanoparticles are affected by surrounding metal nanoparticles. [15] [16] [17] [18] Basically, three fundamental factors are crucial for predicting the PL properties of semiconductor nanoparticles near the metal surface: an increased absorption by field enhancement, a higher radiative recombination rate by surface-plasmon resonance, and an increase of nonradiative energy transfer near the metal nanoparticle. The increased absorption by field enhancement was calculated based on Maxwell's equation. 15) Mertens' group examined a theoretical calculation of the radiative decay rate of an optical emitter in close proximity to a noblemetal nanosphere, based on the exact electrodynamical theory. 16) In addition, Govorov's group studied the theoretical interactions between semiconductor and metal nanoparticles, and calculated nonradiative recombination rates induced by energy transfer. 17) In this work, the PL enhancement and quenching of a single semiconductor nanocrystal near the metal nanoparticle were investigated, by calculating both the radiative and nonradiative recombination rates. The calculation was conducted as a function of the metal-semiconductor distance, since the carrier dynamics indicate that the radiative/nonradiative recombination rates are strongly dependent on the distance from a metal nanoparticle. Based on the calculation, the optimum distance for the highest PL efficiency and the correlations between the calculated and measured quantum efficiencies in semiconductor/metal mixtures were verified in this research.
The enhanced quantum efficiency is calculated from the change in radiative/nonradiative recombination rates in close proximity to a metal nanoparticle. In this work, the radiative decay rates of an emitter were calculated, based on the exact electrodynamical theory. 16, 18) The radiative decay rates of excited state in the presence of a metal sphere were obtained as a function of the distance from metal, and normalized with the value (k 0 rad ) in the absence of metal. The semiconductor, which is modeled as a classical dipole, is positioned at a distance r from the center of a gold nanoparticle with radius a, and two dipole orientations were considered: radial (?) and tangential (k). The angular distribution of the dipole should be included for more accurate calculation, but we considered only two extreme orientations for the calculation. 16, 19) For radial dipole orientation, we obtained:
and for the tangential dipole orientation, the enhancement of radiative recombination rates is calculated as
where k 0 rad refers to the radiative decay rate for the dipole in the absence of the Au nanoparticle, j l and h 
in which m ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
, and c is the speed of light in vacuum. From Eqs. (1) and (2), the y These two authors contributed equally to this work. enhancement ratio of radiative recombination rates can be calculated with a weight factor for the tangential orientation that is twice the weight factor for the radial orientation [ Fig. 1(a) ]. Many experiments have shown the increase of radiative recombination rate by employing surface-plasmon resonance, probed by time-resolved PL. [20] [21] [22] [23] The nonradiative recombination rate of an emissive semiconductor near the metal nanoparticle was calculated, starting from Fermi's golden rule. In quantum physics, Fermi's golden rule is a way of calculating the transition rate from one energy eigenstate of a quantum system to a continuum of energy eigenstates:
Here, the initial state (jexc; 0 Pl i) describes the energy state of excitons in a semiconductor nanoparticle, and the final state (h0 exc ; f j) contains the surface plasmon in the metal nanoparticle with no exciton in the semiconductor nanoparticle. The initial and final energy states are denoted as h ! exc and h ! f , respectively. The operator for the Coulomb interaction between carriers in different nanoparticles has the usual form: V in ¼ P i; j V Coul ðr i ; r j Þ, where r i is the position of an electron inside the semiconductor nanoparticle participating in the exciton and r j is the position of the carrier inside the metal nanoparticle.
From Eq. (5), the nonradiative recombination rate of a semiconductor near the metal nanoparticle was calculated as 18) 
where b (¼ 1) is a geometric factor, " metal and " medium are respectively the dielectric constants of the metal nanoparticle (À5:181 þ 2:094i) and the surrounding medium (2.220) at ¼ 540 nm, " eff ¼ ð2" medium þ " semiconductor Þ=3, and d exc (¼ 0:27 nm) 17) is the interband dipole moment. This calculation takes the average nonradiative recombination rate over a solid angle. From Eq. (6), the nonradiative recombination rate of the semiconductor was calculated, as shown in Fig. 1(b) . The saturated value of k nonrad =k 0 rad ¼ 13:3 at infinite distance was based on the experimental quantum efficiency (7%) of CdS.
1) Some experimental observations showed the drastic quenching of luminescence from a semiconductor near the metal nanoparticle. 24, 25) In addition, quenching by the metal-metal interaction was also considered. The effective radius in which PL is enhanced by a single Au nanoparticle is set to be $70 nm, and it is assumed that the quenching occurs in the overlapped volume due to the destructive interference of surface plasmons (Fig. S3  in Ref. 1) .
The quantum efficiency () is the ratio of the radiative recombination to the total recombination:
where the decay time ¼ ðk rad þ k nonrad Þ À1 was deduced from a single-exponential fitting of the PL decay curve. 1, 26) Therefore, the quantum efficiency of the emissive semiconductor was calculated as a function of the distance from the surface of the Au nanoparticle [ Fig. 1(c) ]. (1) and (2)], nonradiative recombination rates [k nonrad , from Eq. (6)], and quantum efficiency of CdS [Eq. (7)] as a function of the distance from the surface of a gold nanoparticle. k 0 rad is the radiative recombination rate in the absence of Au. The field-enhancement effects were also considered. The intensities of electromagnetic fields around metal nanoparticles can be described, assuming a homogeneous and isotropic sphere placed in a medium in which there exists a uniform electric field. The field enhancement factor is the intensity ratio of the resultant field (E 2 ) to the incident field (E 0 ), given as 15)
where a and r are respectively the radius of the metal nanoparticle (11 nm) and the distance from the center of the metal nanoparticle. In this system, the field enhancement factor of the Au nanoparticle was calculated, while Eq. (8) is valid only when the azimuthal angle ' is 90 . The fieldenhancement effect for luminescence is, however, found to be insufficient to explain the tendency of the experimental results, as shown in Fig. 2 (blue open circles) . Although the field enhancement by Au nanoparticles exists and it leads to the enhancement of light absorption (Fig. S2 in Ref. 1) , interactions between dipole in CdS and surface plasmon in Au are supposed to be more dominant in this research (Fig. 2) .
A schematic band diagram and interactions between CdS and Au nanoparticles are depicted in Fig. 3 . At first, incident light with the wavelength of 400 nm excites electrons in the valence band of CdS and generates excitons. This exciton induces collective charge oscillation in the Au nanoparticle, which corresponds to excitation to the surface-plasmon band. Simultaneously, excited surface plasmon interacts with an exciton in CdS, so both radiative and nonradiative decay rates of a CdS nanoparticle are altered (Fig. 1) , and therefore luminescence is changed [Eq. (7)]. These coupled processes, the so-called surface-plasmon resonance, improve the luminescence properties of the colloidal CdS/Au system (Fig. 2) .
In conclusion, recombination rates were experimented with in colloidal mixtures of semiconductor/metal nanoparticles, and calculated as a function of semiconductor-metal distance. The radiative recombination rates were evaluated from the electrodynamical interactions between a singledipole emitter and a metal nanoparticle. The nonradiative recombination rates were based on the energy-transfer rate from a single exciton to the surface-plasmon band. The calculated quantum efficiencies, with the assumption of two-body interaction between the metal and semiconductor nanoparticle, are quite comparable to the experimental results, even though the actual situation involves much more complicated resonance interactions.
